Abstract: Forest structural attributes are key indicators for parameterization of forest growth models, which play key roles in understanding the biophysical processes and function of the forest ecosystem. In this study, UAS-based multispectral and RGB imageries were used to estimate forest structural attributes in planted subtropical forests. The point clouds were generated from multispectral and RGB imageries using the digital aerial photogrammetry (DAP) approach. Different suits of spectral and structural metrics (i.e., wide-band spectral indices and point cloud metrics) derived from multispectral and RGB imageries were compared and assessed. The selected spectral and structural metrics were used to fit partial least squares (PLS) regression models individually and in combination to estimate forest structural attributes (i.e., Lorey's mean height (H L ) and volume(V)), and the capabilities of multispectral-and RGB-derived spectral and structural metrics in predicting forest structural attributes in various stem density forests were assessed and compared. The results indicated that the derived DAP point clouds had perfect visual effects and that most of the structural metrics extracted from the multispectral DAP point cloud were highly correlated with the metrics derived from the RGB DAP point cloud (R 2 > 0.75). Although the models including only spectral indices had the capability to predict forest structural attributes with relatively high accuracies (R 2 = 0.56-0.69, relative Root-Mean-Square-Error (RMSE) = 10.88-21.92%), the models with spectral and structural metrics had higher accuracies (R 2 = 0.82-0.93, relative RMSE = 4.60-14.17%). Moreover, the models fitted using multispectral-and RGB-derived metrics had similar accuracies (∆R 2 = 0-0.02, ∆ relative RMSE = 0.18-0.44%). In addition, the combo models fitted with stratified sample plots had relatively higher accuracies than those fitted with all of the sample plots (∆R 2 = 0-0.07, ∆ relative RMSE = 0.49-3.08%), and the accuracies increased with increasing stem density.
Introduction
Planted forests account for approximately 7.3% of the total forests and expand each year by around 5 million hectares on average. They are important sources for forest products within the context of sustainable and energy-efficient resource utilization [1]. They play a major role in preserving social values of forests, maintaining biodiversity, and mitigating climate change, especially with the deforestation of natural forests [2] [3] [4] . Forest structure is generated by natural events and biophysical processes, which decides the biodiversity and ecosystem function of forests [5] . Forest structural attributes are key indicators for parameterization of forest growth models and understanding the of forest structural attributes generated using DAP point cloud had similar accuracies to models fitted using airborne LiDAR data (∆rRMSE = 0.22-1.9%) in highly managed and relatively simple conifer-dominated forests. In addition, Straub et al. [42] used UAS-based imagery to estimate forest structural attributes in complexly mixed forests and had a similar conclusion.
The integration of high resolution spectral imagery and point cloud data is expected to improve the accuracy of prediction of forest structural attributes. Previous studies have used combined spectral imagery and point cloud data from an airborne platform to estimate forest structural attributes. Dalponte et al. [43] combined airborne spectral imagery and LiDAR point cloud data to estimate volume in a temperate forest in the Italian Alps, and the result showed that the improvement of accuracy was 0.5% compared with the estimation using point cloud data individually. However, few studies have attempted to improve the accuracy of forest structural attribute estimation by integrating UAS-based spectral indices and point cloud data. Puliti et al. [40] combined used spectral indices and DAP point cloud data derived from UAS imagery to estimate forest structural attributes in a planted boreal forest. The result indicated that the combined use of spectral indices and DAP point cloud had a better performance than only use DAP point cloud (the improvement of rRMSE of dominate height and H L were 0.16% and 0.38%, respectively). In previous studies, most had only used canopy height-related metrics and RGB bands to estimate forest structural attributes [18, 27, 36] ; the UAS-based spectral and structural metrics were not fully extracted and combined.
However, most of the studies were conducted in temperate and boreal forests, and there are few published studies from planted subtropical forests. Moreover, the spectral indices and DAP point clouds of UAS multispectral and RGB imageries were not fully explored and compared. In addition, the performance of UAS multispectral and RGB imageries in estimation of forest structural attributes was not compared, especially the DAP point cloud in forests with different stem density. The objectives of this paper are: (1) to compare and assess the spectral and structural metrics derived from UAS multispectral and RGB imageries; (2) to integrate and assess the synergetic effects of UAS-based spectral and structural metrics for estimation of forest structural attributes in planted subtropical forests; (3) to compare and evaluate the performance of multispectral-and RGB-derived DAP point clouds and spectral indices in the estimation of forest structural attributes for forests with different stem densities.
Materials and Methods
A general overview of the workflow for forest structural attribute estimation is shown in Figure 1 . First, point clouds and ortho-imageries were generated from UAS-acquired raw multispectral and RGB imageries using the digital aerial photogrammetry (DAP) approach. Second, different suits of spectral and structural metrics, i.e., wide-band spectral indices and point cloud metrics, were extracted from spectral ortho-imageries and height normalized DAP point clouds, respectively. The spectral and structural metrics were analyzed and assessed using correlation analysis and the index of variable importance of projection (VIP). Moreover, the structural metrics extracted from UAS multispectral and RGB DAP point clouds were compared and assessed using correlation analysis. Finally, the selected important spectral and structural metrics were used to fit PLS regression models individually and in combination to estimate Lorey's mean height (H L ) (the stand mean height weighted by basal area [44] ) and volume(V) (a forest structural attribute caculated by diameter at breast height and tree height [45] ). The number of components was selected using the standard error of 10-fold cross-validation, and the capability and synergetic effects of DAP-derived spectral and structural metrics in predicting forest structural attributes in various stem density forests were assessed. More detailed information can be seen in the following sections. The workflow used to acquire unmanned aircraft system (UAS) imagery, generate the orthoimagery index map and digital aerial photogrammetry point cloud data, extract spectral and structural metrics, and fit forest structural attributes models. NDVI: Normalized Difference Vegetation Index; EVI: Enhanced Vegetation Index; RVI: Ratio Vegetation Index; DTM: Digital Terrain Model; H25: 25th percentile of the canopy height distributions; rRMSE: relative Root-MeanSquare-Error.
Study Area
This study was conducted at Pizhou ginkgo plantation, a forest managed by local government and residents, in the town of Tiefu in the northern plain of Jiangsu province (118°4′10″E, 34°32′19″N) ( Figure 2 ). It covers approximately 2190 ha, with an elevation ranging between 29 m to 32 m above sea level. It is situated in the semi-humid continental climate zone with an annual mean temperature of 14.0 °C and annual mean precipitation of 867 mm. The planted ginkgo (Ginkgo biloba L.) trees in the plantation were managed in different silvicultural treatments and have different stem densities. The workflow used to acquire unmanned aircraft system (UAS) imagery, generate the ortho-imagery index map and digital aerial photogrammetry point cloud data, extract spectral and structural metrics, and fit forest structural attributes models. NDVI: Normalized Difference Vegetation Index; EVI: Enhanced Vegetation Index; RVI: Ratio Vegetation Index; DTM: Digital Terrain Model; H25: 25th percentile of the canopy height distributions; rRMSE: relative Root-Mean-Square-Error.
This study was conducted at Pizhou ginkgo plantation, a forest managed by local government and residents, in the town of Tiefu in the northern plain of Jiangsu province (118 • 4 
Field Data
In the study, inventory data of field sample plots were obtained from the forest survey in October 2016 (under a leaf-on condition). A total of 45 circular sample plots (radius = 15 m) were established within 5 of 1 × 1 km 2 square UAS sites (Figure 2b ). These sample plots were designed to cover a range of stand densities, age classes, and site indices, and can be divided into three groups based on stem density: (i) low stem density plots (stem density < 500 N·ha -1 , n = 17); (ii) medium stem density plots (500 N·ha −1 ≤ stem density < 650 N·ha −1 , n = 17); and (iii) high stem density plots (stem density ≥ 650 N·ha −1 , n = 11). The position of the center of the field plots was assessed by Trimble GeoXH6000 GPS units, corrected with high precision real-time differential signals received from the Jiangsu Continuously Operating Reference Stations (JSCORS), resulting in a sub-meter accuracy.
All the live trees within each plot that had a DBH > 5 cm were measured. The measurement of individual tree included position, tree top height, height to crown base, crown width in both cardinal directions, and crown density. DBH was measured using a diameter tape for all trees. The positions of trees were measured using an ultrasound-based Haglöf PosTex ® positioning instrument (Långsele, Sweden). Tree top heights were measured using a Vertex IV ® hypsometer (Långsele, Sweden). Crown widths were obtained as the average of two values measured along two perpendicular directions from the location of tree top. Moreover, the crown class, i.e., dominant, co-dominant, intermediate, and overtopped, were also recorded. The plot-level forest structural attributes, including DBH, HL, N, G, and V, were calculated using the measured individual tree data. The general volume equation of ginkgo in Jiangsu province was used to calculate the volume of each individual tree. The volume of each individual tree was calculated according to the DBH and H measured in the field, and then summed to the plot-level volume. The summary of the field-measured forest structural attributes is provided in Table 1 . 
In the study, inventory data of field sample plots were obtained from the forest survey in October 2016 (under a leaf-on condition). A total of 45 circular sample plots (radius = 15 m) were established within 5 of 1 × 1 km 2 square UAS sites (Figure 2b ). These sample plots were designed to cover a range of stand densities, age classes, and site indices, and can be divided into three groups based on stem density: (i) low stem density plots (stem density < 500 N·ha −1 , n = 17); (ii) medium stem density plots (500 N·ha −1 ≤ stem density < 650 N·ha −1 , n = 17); and (iii) high stem density plots (stem density ≥ 650 N·ha −1 , n = 11). The position of the center of the field plots was assessed by Trimble GeoXH6000 GPS units, corrected with high precision real-time differential signals received from the Jiangsu Continuously Operating Reference Stations (JSCORS), resulting in a sub-meter accuracy.
All the live trees within each plot that had a DBH > 5 cm were measured. The measurement of individual tree included position, tree top height, height to crown base, crown width in both cardinal directions, and crown density. DBH was measured using a diameter tape for all trees. The positions of trees were measured using an ultrasound-based Haglöf PosTex ® positioning instrument (Långsele, Sweden). Tree top heights were measured using a Vertex IV ® hypsometer (Långsele, Sweden). Crown widths were obtained as the average of two values measured along two perpendicular directions from the location of tree top. Moreover, the crown class, i.e., dominant, co-dominant, intermediate, and overtopped, were also recorded. The plot-level forest structural attributes, including DBH, H L , N, G, and V, were calculated using the measured individual tree data. The general volume equation of ginkgo in Jiangsu province was used to calculate the volume of each individual tree. The volume of each individual tree was calculated according to the DBH and H measured in the field, and then summed to the plot-level volume. The summary of the field-measured forest structural attributes is provided in Table 1 . 
Remote Sensing Data
High spatial resolution RGB and multispectral aerial imageries were acquired from a fixed-wing UAS on 21-24 September 2016. The acquisition was conducted in clear weather conditions. The RGB imagery covered the whole study area, and the multispectral imagery covered the five UAS sites ( Figure 2 ). The detailed parameters of image acquisition were provided in Table 2 . A total of 47 three-dimensional ground control points (GCPs), which were distributed in the whole study area, were measured for UAS imagery geocorrection. The coordinates of three-dimensional GCPs were acquired by a Trimble R4 GNSS receiver, corrected with high precision real-time differential signals received from the Trimble NetR9 GNSS reference receiver. Horizontal and vertical accuracies of the GCPs were ± 1cm and 2 cm, respectively. 
Data Pre-Processing
The RGB and multispectral images which have poor quality (i.e., the images acquired in turning points or not at the target altitude) were removed before data processing. The retained images were processed using the Pix4Dmapper Professional Edition (Pix4D, 2018). The module of initial processing was used in this stage. First, the binary descriptors in Hamming space were used to match keypoints (i.e., detected common features) between corresponding images. Second, the matched keypoints and the image position and orientation recorded in UAS were used in bundle block adjustment to calculate the exact exterior orientation parameters of the camera for each image. Finally, the three-dimensional coordinates of matched keypoints were calculated based on the intrinsic and extrinsic parameters of the camera and the coordinates of three-dimensional GCPs measured in the field. In the study, 30 GCPs were selected randomly as control points, and the other 17 GCPs were used as check points. Point cloud densitification was also conducted using the module of point cloud and mesh to obtain a dense point cloud, and the point density was set to high in order to maximize the density of point cloud. The dense point cloud was classified into ground and non-ground points using the filtering algorithm adapted from a previous study [46] . The DAP digital terrain model (DTM) was created by calculating the average elevation from the ground points within each cell, and the cells that contained no points Remote Sens. 2019, 11, 800 7 of 24 were interpolated by linear interpolation of neighboring cells. The quality of created DAP DTM was assessed using the 17 check points, and the mean RMSE in the vertical direction was 0.023 m.
Point Cloud Processing
The dense DAP point cloud was filtered for noise before analysis. Then, the DAP point cloud was classified into the ground and non-ground points using a filtering algorithm adapted from a previous study [46] . Since the availability of ground points was limited, the 1 m DTM derived from LiDAR data (acquired using a multi-rotor UAV with lightweight Velodyne Puck VLP-16 sensor) was used to normalize the DAP point cloud. The 1 m digital surface model (DSM) was created using the points with maximum heights in each cell, and the cells that contained no point were interpolated by linear interpolation of neighboring cells.
The structural metrics derived from height normalized DAP point cloud were used to describe the structure of the forest canopy. In this study, a total of 15 structural metrics were extracted, including: (i) selected percentile heights (H25, H50, H75, and H95); (ii) selected canopy's return density measures, i.e., canopy return densities (D1, D3, D5, D7, and D9); (iii) mean/maximum height (Hmean/Hmax) and coefficient of variation of heights (Hcv); (iv) canopy volume zones (open, E, O, and closed); and (v) weibull parameters fitted to the profile of apparent foliage density (W α and W β ). A summary of the structural metrics and their descriptions is given in Table 3 . Table 3 . The summary of the structural metrics extracted from the digital aerial photogrammetry point cloud (the code and description of each metric are listed).
Metrics Description
Percentile heights (H25, H50, H75, and H95) The percentiles of the canopy height distributions (25th, 50th, 75th, and 95th)
Canopy return density (D1, D3, D5, D7, and D9) The proportion of points above the quantiles (10th, 30th, 50th, 70th, and 90th) to total number of points Mean/Maximum height (Hmean/Hmax) Mean/maximum height above ground of all points Coefficient of variation of heights (Hcv)
Coefficient of variation of heights of all points Open and Closed gap zones of Canopy volume models (CVM) (i.e., Open and Closed) The empty voxels located above and below the canopy Euphotic and Oligophotic zones of CVM (i.e., E and O)
The voxels located within an uppermost percentile (65%) of all filled grid cells of that column, and voxels located below the point in the profile α and β parameter of Weibull distribution (i.e., W α and W β )
The α and β parameter of the Weibull distribution fitted to foliage density profile
Image Processing
The image processes were performed under the default settings of Pix4Dmapper modules, except the spatial resolution was set as highest. The dense point cloud was used to create a 3D textured mesh. Then, the ortho-imageries were generated using 3D textured mesh files and an orthorectification algorithm. In the process of imagery generation, the radiometric correction was conducted to remove the influences of sensor and illumination using the camera parameters and solar irradiance information. A suite of spectral metrics was calculated using the module of the index calculator. The spectral metrics of multispectral and RGB datasets were derived at 100 cm 2 (10 × 10 cm) and 25 cm 2 (5 × 5 cm), respectively. The mean of the spectral metrics in each plot was calculated to get the mean value of spectral metrics in the plot-level. A summary of the spectral metrics and their description is given in Table 4 . [58] Note: The vegetation indices were calculated using raw imagery bands; blue = Blue band, green = Green band, red = Red band, nir = Near infrared band.
Statistical Analysis and Modeling
The plot-level spectral and structural metrics derived from ortho-imageries (including multispectral and RGB imageries) and DAP point cloud (including multispectral and RGB DAP point clouds) were used as predictor variables to model forest structural attributes (i.e., Lorey's mean height and Volume) in planted subtropical forests. The PLS regression modeling approach, which is commonly utilized to deal with the issue of multicollineariy of predictor variables and suitable for the situation of predictor variables more than observed samples [59] [60] [61] [62] , was used to fit predictive models of forest structural attributes. The PLS regression models assume that the variance in predictor variables can be represented by a few important components [63] . The information of dependent and independent variables are all transformed into features [64] .
To improve the interpretability of metrics, all of the metrics were centered to have a mean of 0 and scaled to have a standard deviation of 1 before fitting PLS models [39] . Moreover, the variable importance of projection (VIP) [65] , which represents the contribution or importance of each metric in fitting the PLS model, was calculated and used to evaluate the importance of each metric. The metrics with VIP higher than 0.8 were selected in the modeling of final predictive PLS models. The standard error of 10-fold cross-validation was used to select the optimal number of components in the predictive PLS models. The number of components with the lowest standard error was selected.
In the study, three types of predictive PLS models of Lorey's mean height and Volume were fitted using spectral and structural metrics derived from ortho-imageries and DAP point clouds. First, the predictive PLS models of Lorey's mean height and Volume were fitted using only spectral metrics extracted from either multispectral RGB ortho-imageries (i.e., the PLS models with multispectral-derived spectral metrics (PLS MS-S ), and with RGB-derived spectral metrics (PLS RGB-S )). Second, the predictive models were fitted using combined spectral and structural metrics derived from either multispectral RGB dataset (i.e., the PLS models with multispectral-derived spectral and structural metrics (PLS MS-CO ), and with RGB-derived spectral and structural metrics (PLS RGB-CO )). Finally, the spectral metrics derived from multispectral ortho-imagery and structural metrics derived from RGB DAP point cloud were combined to fit the combo models (PLS MS-RGB ) to predict the forest structural attributes of Lorey's mean height and Volume in a planted subtropical forest. Moreover, to assess the capability of DAP-derived spectral and structural metrics in predicting forest structural attributes in various stem densities, the predictive models with different stem densities (i.e., low, medium, and high stem density) were fitted using stratified sample plots. The performance of predictive PLS models was assessed using a 10-fold cross validated coefficient of determination (R 2 ), Root-Mean-Square Error (RMSE), and relative RMSE (rRMSE).
where x i is the observed forest structural attributes (i.e., Lorey's mean height and Volume) for the plot i,x i is the estimated forest structural attributes for the plot i, x is the mean value of observed forest structural attributes, and n is the number of plots.
Results

DAP Point Clouds and Reflectance Imageries Generation
The point clouds and reflectance imageries generated from multispectral and RGB imageries using digital aerial photogrammetry approach had the perfect visual effect (Figure 3 ). The three-dimensional structural and two-dimensional spectral information were recorded in detail. Although the UAS imagery only provided the two-dimensional information for the surface of the forest canopy, the information in the lower canopy could still be acquired while the canopy gaps were large enough. Moreover, the RGB imageries with higher spatial resolution than multispectral imageries provided more detailed 2D and 3D information for the forest structure (Figure 3a,c) .
The point clouds and imageries in the plot-level also recorded detailed structural and spectral attributes of sample plots (Figure 4 ). For multispectral and RGB datasets, the point clouds and imageries in sample plots with different stem densities (i.e., low, medium, and high stem density plots) had different performances. The plot with higher stem density had less points in the ground and recorded less soil background information. Therefore, the stem density had an influence in point cloud distribution. Moreover, the height distributions of point clouds described the vertical distributions of canopy materials (Figure 4b,c) . Most of the point clouds were concentrated in the forest canopy, and the plot with higher tree height had a higher peak for the distribution curve. The RGB DAP point cloud recorded more detailed structural information than the multispectral DAP point cloud. Compared with the RGB point cloud, points from the multispectral point cloud were more concentrated in the forest canopy. In addition, the RGB point cloud had more points in the lower canopy than the multispectral point cloud (Figure 4c (d) the ortho-imagery of multispectral data; (e) the ortho-imagery of RGB data; (I) the plot with low tree height and high stem density; (II) the plot with medium tree height and medium stem density; and (III) the plot with high tree height and low stem density.
Structural Metrics Extraction and Analysis
The structural metrics extracted from DAP point clouds derived from multispectral and RGB imageries are shown in Figure 5 . The structural metrics extracted from multispectral and RGB DAP point clouds were different. For percentile heights, the means of H25 and H50 of the multispectral Figure 4 . The point clouds and ortho-imageries derived from UAS multispectral and RGB imageries using DAP approach and the height distribution of point clouds in three typical plots. (a) Three dimensional display of point clouds; (b) the profile of point clouds; (c) the height distribution of point clouds; (d) the ortho-imagery of multispectral data; (e) the ortho-imagery of RGB data; (I) the plot with low tree height and high stem density; (II) the plot with medium tree height and medium stem density; and (III) the plot with high tree height and low stem density.
The structural metrics extracted from DAP point clouds derived from multispectral and RGB imageries are shown in Figure 5 . The structural metrics extracted from multispectral and RGB DAP point clouds were different. For percentile heights, the means of H25 and H50 of the multispectral DAP point cloud were higher than RGB DAP point cloud. However, the mean of H95 of the RGB DAP point cloud was higher than the multispectral DAP point cloud. For canopy return density, the means of D3, D5, D7, and D9 of the RGB DAP point cloud were all slightly lower than the multispectral DAP point cloud. For metrics of canopy volume models, the means of open and close for the multispectral DAP point cloud were higher than the RGB DAP point cloud. However, the means of E and O of the multispectral DAP point cloud were lower than the RGB DAP point cloud. For Hmean, the ranges and distributions of multispectral and RGB DAP point clouds were similar. For Hmax, Hcv and W α , the ranges of the RGB DAP point cloud were higher than the multispectral DAP point cloud.
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Forest Structural Attributes Modeling
The PLS models with spectral metrics and combined spectral and structural metrics extracted from multispectral imageries performed well in the modeling of forest structural attributes ( Table 5 ). The models fitted for all of the sample plots and stratified sample plots performed well (R 2 = 0.62-0.94, rRMSE = 4.26-18.65%). In general, the models fitted using combined spectral and structural metrics (R 2 = 0.82-0.94, rRMSE = 4.26-14.59%) were more accurate than those fitted using only spectral metrics (R 2 = 0.62-0.73, rRMSE = 9.97-18.65%). Moreover, the models fitted using stratified sample plots had relatively higher accuracies than those fitted using all of the sample plots (∆R 2 = 0.01-0.08, ∆rRMSE = 0.04-1.33%). The models of HL fitted using only spectral metrics had accuracies from 0.69 (R 2 , rRMSE = 10.88%) to 0.73 (R 2 , rRMSE = 9.97%). The models of V fitted using only spectral metrics had accuracies from 0.62 (R 2 , rRMSE = 18.65%) to 0.70 (R 2 , rRMSE = 17.73%). The models of HL fitted 
The PLS models with spectral metrics and combined spectral and structural metrics extracted from multispectral imageries performed well in the modeling of forest structural attributes ( Table 5 ). The models fitted for all of the sample plots and stratified sample plots performed well (R 2 = 0.62-0.94, rRMSE = 4.26-18.65%). In general, the models fitted using combined spectral and structural metrics (R 2 = 0.82-0.94, rRMSE = 4.26-14.59%) were more accurate than those fitted using only spectral metrics (R 2 = 0.62-0.73, rRMSE = 9.97-18.65%). Moreover, the models fitted using stratified sample plots had relatively higher accuracies than those fitted using all of the sample plots (∆R 2 = 0.01-0.08, ∆rRMSE = 0.04-1.33%). The models of H L fitted using only spectral metrics had accuracies from 0.69 (R 2 , rRMSE = 10.88%) to 0.73 (R 2 , rRMSE = 9.97%). The models of V fitted using only spectral metrics had accuracies from 0.62 (R 2 , rRMSE = 18.65%) to 0.70 (R 2 , rRMSE = 17.73%). The models of H L fitted using combined spectral and structural metrics had accuracies from 0.92 (R 2 , rRMSE = 4.86%) to 0.94 (R 2 , rRMSE = 4.26%). The models of V fitted using combined spectral and structural metrics had accuracies from 0.82 (R 2 , rRMSE = 14.59%) to 0.87 (R 2 , rRMSE = 13.26%). Table 5 . Summary of the forest structural attribute prediction models with spectral and structural metrics derived from UAS multispectral imageries and the DAP point cloud. The best models based on the standard error of the cross-validation residuals are displayed with the number of components, total explained variability (%), cross-validated coefficient of determination (R2), cross-validated Root-Mean-Squared-Error (RMSE), and relative RMSE (rRMSE).
Models
Number Note: H L = Lorey's mean height (m); V = volume (m 3 ·ha −1 ); a predictive models fitted using all of the 45 sample plots; b predictive models fitted using 17 sample plots with low stem density; c predictive models fitted using 17 sample plots with medium stem density; d predictive models fitted using 11 sample plots with high stem density.
The PLS models with spectral metrics and combined spectral and structural metrics extracted from RGB imageries also had relatively high accuracy in estimation of forest structural attributes ( Table 6 ). The models fitted for all of the sample plots and stratified sample plots performed well (R 2 = 0.56-0.96, rRMSE = 4.07-21.92%). In general, the models fitted using combined spectral and structural metrics (R 2 = 0.82-0.96, rRMSE = 4.07-14.17%) were more accurate than those fitted using only spectral metrics (R 2 = 0.56-0.64, rRMSE = 13.18-21.92%). Moreover, the models fitted using stratified sample plots had relatively higher accuracies than those fitted using all of the sample plots (∆R 2 = 0.01-0.06, ∆rRMSE = 0.02-1.35%). The models of H L fitted using only spectral metrics had accuracies from 0.58 (R 2 , rRMSE = 14.41%) to 0.64 (R 2 , rRMSE = 13.18%). The models of V fitted using only spectral metrics had accuracies from 0.56 (R 2 , rRMSE = 21.92%) to 0.61 (R 2 , rRMSE = 20.84%). The models of H L fitted using combined spectral and structural metrics had accuracies from 0.93 (R 2 , rRMSE = 4.60%) to 0.96 (R 2 , rRMSE = 4.07%). The models of V fitted using combined spectral and structural metrics had accuracies from 0.82 (R 2 , rRMSE = 14.17%) to 0.88 (R 2 , rRMSE = 12.82%). Table 6 . Summary of the forest structural attributes prediction models with spectral and structural metrics derived from UAS RGB imageries and the DAP point cloud. The best models based on the standard error of the cross-validation residuals are displayed with the number of components, total explained variability (%), cross-validated coefficient of determination (R 2 ), cross-validated Root-Mean-squared-Error (RMSE), and relative RMSE (rRMSE).
In the combo models fitted using the data from all of the sample plots, the number of components was two ( Figure A1 ). The PLS combo models of forest structural attributes fitted using structural metrics derived from multispectral ortho-imageries and structural metrics derived from the RGB DAP point cloud had the best performance ( Table 7 ). The models fitted using stratified sample plots had relatively higher accuracies than those fitted using all of the sample plots (∆R 2 = 0-0.07, ∆rRMSE = 0.49-3.08%). The models of H L fitted using combined spectral and structural metrics had accuracies from 0.94 (R 2 , rRMSE = 4.24%) to 0.97 (R 2 , rRMSE = 2.91%). The models of V fitted using combined spectral and structural metrics had accuracies from 0.83 (R 2 , rRMSE = 13.76%) to 0.90 (R 2 , rRMSE = 10.68%). Table 7 . Summary of the forest structural attributes prediction models with spectral metrics derived from the UAS multispectral imagery and structural metrics derived from the UAS RGB DAP point cloud. The best models based on the standard error of the cross-validation residuals are displayed with the number of components, total explained variability (%), cross-validated coefficient of determination (R 2 ), cross-validated Root-Mean-squared-Error (RMSE), and relative RMSE (rRMSE).
Number Based on the VIP scores, the metric of H95 had the highest relative importance for H L prediction, followed by H75 and Hmax; the spectral metrics had relatively low importance. In the prediction of V, the structural metrics had relatively higher importance than spectral metrics. The metric of Close had the highest relative importance, followed by Hmean and H25 (Figure 7) . Moreover, the forest structural attributes predicted by comb models with these metrics were closer to those measured in the field ( Figure A2) . Therefore, these metrics performed well in the prediction of forest structural attributes.
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In this study, the spectral indices and point clouds derived from UAS-based multispectral and RGB imageries were used to estimate forest structural attributes in a planted subtropical forest. Previous studies have used UAS-based imagery to estimate forest structural attributes (Table 8) . Lisein et al. [66] used UAS imagery and a digital aerial photogrammetry approach to estimate dominant tree height in a temperate broadleaved forest, and the result showed that the dominant tree height was estimated with high accuracy (rRMSE = 8.40%). White et al. [29] used a UAS-based point cloud to estimate forest structural attributes in the coastal temperate rainforest, and they found that the Lorey's mean height and volume were accurately estimated (rRMSE = 14.00% and 36.87%). Comparing to the results of this study with previous studies, the predictive models all had a relatively high accuracy. Moreover, the estimation of forest structural attributes in this study had a higher accuracy than most of the previous studies. This may be due to the fact that many structural metrics were extracted and the volume of low-lying vegetation under the forest canopy of the ginkgo plantation was less in this study. However, most of the previous studies focused on using a derived point cloud to estimate forest structural attributes, and estimation using combined spectral and structural metrics was rare. Puliti et al. [40] combined spectral and structural metrics to estimate Lorey's mean height in a conifer-dominated boreal forest, and the rRMSE of predictive model was 13.28%. The estimation using UAS-based spectral and structural metrics in a planted subtropical forest was also comparable to those of the conifer-dominated boreal forest and temperate forest. In this study, the accuracy of the combo model was slightly higher than that of previous studies. The reason may be that the DTM derived from UAS-based LiDAR was used to normalize DAP point clouds. [66] Previous studies have found that the point density of the DAP point cloud is dependent on image resolution and matching algorithm [69, 70] . Compared with DAP point clouds derived from UAS-based multispectral and RGB imageries, the RGB point cloud provided more detailed three-dimensional information about the forest structure. Visually, the number of points from the RGB DAP point cloud in the middle and lower canopy was greater than from the multispectral DAP point cloud (Figures 3 and 4b) . Moreover, the height distributions of the multispectral DAP point cloud and the RGB DAP point cloud were different (Figure 4c ). In the upper canopy, the distributions were similar. However, more RGB DAP points were distributed in the lower canopy. Although the UAS imageries lacked penetration, lower canopy information can be recorded with a high spatial resolution sensor. Therefore, the RGB imagery with higher spatial resolution produced point cloud data with more detailed information of the forest structure.
The structural metrics derived from the multispectral DAP point cloud and RGB DAP point cloud were compared and assessed. For percentile heights, the means for H25 and H50 of the multispectral DAP point cloud were higher than the RGB DAP point cloud. However, the mean for H95 of the RGB DAP point cloud was higher than the multispectral DAP point cloud. For canopy return density, the means of D3, D5, D7, and D9 of the RGB DAP point cloud were all slightly lower than the multispectral DAP point cloud. For metrics of canopy volume models, the means of open and close for the multispectral DAP point cloud were higher than the RGB DAP point cloud. However, the means of E and O for the multispectral DAP point cloud were lower than the RGB DAP point cloud. These differences were caused by the distribution of the point clouds. The RGB DAP point cloud recorded more detailed three-dimension information of the forest structure than the multispectral DAP point cloud (Figures 3 and 4b) . Perroy et al. [71] used UAS-based imagery to assess the impacts of canopy openness on detecting sub-canopy plants in a tropical rainforest, and found that the detection rate for sub-canopy plants was 100% when above-crown openness values were higher than 40%. Therefore, the middle and lower canopy information can be recorded by DAP point cloud. In this study, the RGB DAP point cloud recorded more information for the middle and lower canopy than the multispectral DAP point cloud, and most of the points of the multispectral DAP point cloud were distributed in the upper canopy. Previous studies have found that the photogrammetry point cloud can underestimate tree height relative to field measurement [69, 72] . This phenomenon was also found in this study. The individual tree height acquired from the DAP point clouds and measured in the field were compared. The result showed that the individual tree heights acquired from DAP point clouds were lower than those measured in the field (Figure 8) . Moreover, the bias of underestimation for the multispectral DAP point cloud was larger than the RGB DAP point cloud (Figure 8) . Therefore, the Hmax of the RGB DAP point cloud was larger than the multispectral DAP point cloud (Figure 5n ). For the relationship between structural metrics derived from multispectral and RGB DAP point clouds, metrics of H25, H50, H75, H95, Close, Hmean, Hmax, Hcv, and W α for the multispectral DAP point cloud were all highly correlated with the metrics of the RGB DAP point cloud (R 2 = 0.58-0.95). This means that these metrics extracted from multispectral and RGB DAP point clouds were similar, and the two DAP point clouds had similar capabilities in characterizing the three-dimensional structure of the forest. They can be interchanged with each other for estimation of forest structural attributes. Stem density is one of the key indicators for planted forest silviculture and sustainable management. In this study, the capability of DAP-derived spectral and structural metrics to predict forest structural attributes in various stem densities was assessed. The result indicated that predictive models fitted using stratified sample plots had relatively higher accuracies than those fitted using all of the sample plots (∆R 2 = 0-0.07, ∆rRMSE = 0.49-3.08%). Moreover, the estimation accuracies increased with increasing stem density. This may be caused by the loss of tree tops in the DAP point cloud generation [72] . When the surface of the forest canopy was uneven, the tree top information may be lost from the DAP point cloud. On the contrary, when the surface of the forest canopy was smooth, the tree tops may exist in the DAP point cloud. In this study, the forest with high stem density had a relatively smooth surface, and the forest with low stem density had an uneven surface. Therefore, the points of tree tops were easy to lose in the low stem density forest. This phenomenon was proven in Figure 8 , where the difference in the low stem density forest between individual tree heights measured in the field and acquired in the DAP point cloud was the largest, and the difference in the high stem density forest was the lowest.
Conclusions
In this study, UAS-based multispectral and RGB imageries were used to estimate forest structural attributes in planted subtropical forests. The point clouds were generated from multispectral and RGB imageries using the DAP approaches. Different suits of multispectral-and RGB-derived spectral and structural metrics, i.e., wide-band spectral indices and point cloud metrics, were extracted, compared, and assessed using the index of VIP. The selected spectral and structural metrics were used to fit PLS regression models individually and in combination to estimate forest structural attributes (i.e., Lorey's mean height (HL) and volume(V)), and the capabilities of multispectral-and RGB-derived spectral and structural metrics in predicting forest structural attributes in various stem density forests were assessed and compared. The results indicated that most of the structural metrics extracted from the multispectral DAP point cloud were highly correlated with the metrics derived from the RGB DAP point cloud (R 2 > 0.75). In combo models, the estimation of HL (R 2 = 0.94, relative RMSE = 4.24%) had a relatively higher accuracy than V (R 2 = 0.83, relative RMSE = 13.76%). Although the models including only spectral indices had the capability to predict forest structural attributes with relatively high accuracies (R 2 = 0.56-0.69, relative RMSE = 10.88-21.92%), the models with spectral and structural metrics had higher accuracies (R 2 = 0.82-0.93, relative RMSE = 4.60-14.17%). Moreover, the models fitted using RGB-derived spectral metrics had relatively lower accuracies than those fitted using multispectral-derived spectral metrics, but the models fitted using combined spectral and structural metrics derived from multispectral and RGB Spectral metrics, which are related to vegetation pigments, physiology, and stress, have great advantages in the estimation of forest structural attributes. In this study, a suite of vegetation indices was extracted to estimate forest structural attributes. The spectral metrics of IPVI, RVI, Norm G, and Norm GR were selected in the combo models. The red and near-infrared regions of the spectrum were sensitive to canopy biophysical properties [73] [74] [75] . IPVI and RVI were calculated using red and near-infrared bands, and Pearson and Miller [76] have found that RVI can slow down the rate of saturation under high canopy coverage. Therefore, the IPVI and RVI performed well in the estimation of forest structural attributes. The green band was thought to be correlated with vegetation pigment, nitrogen, and biomass [77] [78] [79] , which was commonly used in the estimation of forest structural attributes [40, 80] . Puliti et al. [40] found that the green band was more important than other bands in the estimation of forest structural attributes. In the combo models, Norm G and Norm GR were selected and showed good performances (rRMSE = 4.24 and 13.76%).
Structural metrics extracted from point cloud data are significantly related to forest structural properties. In this study, the accuracy of estimation models showed great improvement after using spectral and structural metrics (Tables 5 and 6 ). In the combo models, metrics of percentile heights, Hmean, and Hmax were selected as important metrics. Thomas et al. [81] found that the structural metrics of H50 and H75 were strongly related to mean dominated height and basal area, and Stepper et al. [82] reported that Hmax had the highest correlation with field-measured tree top height. Therefore, the height-related metrics were most important in estimation of forest structural attributes in this study.
The combined use of spectral and structural metrics had a positive synergetic effect for the estimation of forest structural attributes. The models including only spectral metrics had the capability to predict forest structural attributes with relatively high accuracies (R 2 = 0.56-0.69, relative RMSE = 10.88-21.92%). However, the models with spectral and structural metrics had higher accuracies (R 2 = 0.82-0.93, relative RMSE = 4.60-14.17%). Therefore, the combination of spectral and structural metrics was realistic for improving the estimation accuracy of forest structural attributes. Compared to the models of multispectral and RGB UAS datasets, the accuracy improvements of RGB combined models were larger than those of multispectral combined models. This may be due to the many advanced spectral metrics being extracted from multispectral UAS imagery causing the spectral models to have relatively higher accuracies. Therefore, the improvement of multispectral combined models was limited. Nevertheless, the accuracies of combined models of multispectral and RGB UAS datasets were close. This means that the multispectral and RGB UAS datasets had similar capability to estimate forest structural attributes in planted subtropical forests. In addition, the models that combined used spectral metrics derived from the UAS multispectral imagery and structural metrics derived from the UAS RGB DAP point cloud had the highest accuracy (Table 7) . Therefore, advanced spectral indices and detailed point cloud data can improve the accuracy of estimation of forest structural attributes.
Stem density is one of the key indicators for planted forest silviculture and sustainable management. In this study, the capability of DAP-derived spectral and structural metrics to predict forest structural attributes in various stem densities was assessed. The result indicated that predictive models fitted using stratified sample plots had relatively higher accuracies than those fitted using all of the sample plots (∆R 2 = 0-0.07, ∆rRMSE = 0.49-3.08%). Moreover, the estimation accuracies increased with increasing stem density. This may be caused by the loss of tree tops in the DAP point cloud generation [72] . When the surface of the forest canopy was uneven, the tree top information may be lost from the DAP point cloud. On the contrary, when the surface of the forest canopy was smooth, the tree tops may exist in the DAP point cloud. In this study, the forest with high stem density had a relatively smooth surface, and the forest with low stem density had an uneven surface. Therefore, the points of tree tops were easy to lose in the low stem density forest. This phenomenon was proven in Figure 8 , where the difference in the low stem density forest between individual tree heights measured in the field and acquired in the DAP point cloud was the largest, and the difference in the high stem density forest was the lowest.
In this study, UAS-based multispectral and RGB imageries were used to estimate forest structural attributes in planted subtropical forests. The point clouds were generated from multispectral and RGB imageries using the DAP approaches. Different suits of multispectral-and RGB-derived spectral and structural metrics, i.e., wide-band spectral indices and point cloud metrics, were extracted, compared, and assessed using the index of VIP. The selected spectral and structural metrics were used to fit PLS regression models individually and in combination to estimate forest structural attributes (i.e., Lorey's mean height (H L ) and volume(V)), and the capabilities of multispectral-and RGB-derived spectral and structural metrics in predicting forest structural attributes in various stem density forests were assessed and compared. The results indicated that most of the structural metrics extracted from the multispectral DAP point cloud were highly correlated with the metrics derived from the RGB DAP point cloud (R 2 > 0.75). In combo models, the estimation of H L (R 2 = 0.94, relative RMSE = 4.24%) had a relatively higher accuracy than V (R 2 = 0.83, relative RMSE = 13.76%). Although the models including only spectral indices had the capability to predict forest structural attributes with relatively high accuracies (R 2 = 0.56-0.69, relative RMSE = 10.88-21.92%), the models with spectral and structural metrics had higher accuracies (R 2 = 0.82-0.93, relative RMSE = 4.60-14.17%). Moreover, the models fitted using RGB-derived spectral metrics had relatively lower accuracies than those fitted using multispectral-derived spectral metrics, but the models fitted using combined spectral and structural metrics derived from multispectral and RGB imageries had similar accuracies. In addition, the combo models fitted with stratified sample plots had relatively higher accuracies than those fitted with all of the sample plots (∆R 2 = 0-0.07, ∆ relative RMSE = 0.49-3.08%), and the accuracies increased with increasing stem density.
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